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ABSTRACT

In this paper is considered the problem of managing traffic capacity at network level through
slot allocation. This problem can be seen either as an extension of slot allocation from an airport to
a network of airports or a specialization of Ground Delay Programs as developed in USA. After
introducing slot allocation theory, a new approach to assess cumulative delays for airlines is
developed and an equivalent delay multiplier is proposed. This new index allows to rank more
effectively candidates flights during a slot allocation process. This is illustrated in the case of a
compression algorithm for slot allocation.
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1 INTRODUCTION

Congestion in transportation systems is considered to be a limiting factor to economic growth.
Many transportation systems are composed of a discrete set of companies working between a
limited set of transportation terminals where endogenous congestion affects individual arrival and
departure operations. This is particularly the case when considering a domestic network of airports
linked together by an air transportation system. Collaborative Decision Making (CDM) has been
developed recently to deal with the coordination of activities addressed to the processing of vehicles
between their arrival and departure at an airport. This concept favors terminal overall efficiency by
implementing on-time communication of information and predictions between the different terminal
operators which process the vehicle and the payload (passengers or freight) at the terminal.
However this approach has not taken into consideration network effects generated by travel
perturbations or by disruptions at some airport.

In this paper a Network Collaborative Decision Making approached is proposed to cope
globally with the congestion of a distributed air transportation system. Network performance
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measures are developed for each airline, introducing equivalent delay multipliers for its flights
while equity concepts, such as non-inferior solutions, between operators are considered at the level
of each airport. Then slot allocation algorithms can be designed to manage with more equity and
efficiency the arrival and departure capacity at the different airports of the air transportation
network.

2 SLOT ALLOCATION FOR AIRPORT TRAFFIC

A slot can be defined as the authorization given by airport authorities to use all the facilities necessary to
provide an air traffic service, on a concrete date and time, before a departure or after an arrival. In this
section, for sake of brevity only arrival traffic at airports is considered.

2.1 Slot Allocation Practice

The European allocating system considers use rights by companies that have operated in an
airport using repeatedly some slots. Airlines can swap these slots with other companies under the
rule “’one by one’’ without any money transference. If any company under-uses a certain slot,
airport may take that slot away from this company by the next season. Some slot re-allocation
algorithms have been developed recently to make a better use of slots released by cancellations or
by delays. These algorithms convert a nominal schedule into a new one, taking into account the
rights of every company and the current traffic situation. In a first step, the air traffic manager will
reallocate the flights trying to maximize the use of the available slots and therefore capacity. Then,
airlines will try to optimize their position in this by seeking the best arrival slots for its flights. No
scheduled flights will be cancelled or delayed.

LetS = {51,52, ...,sns} be a finite set of arrival slots corresponding to the time intervals (s;=
[t;t; + T] where T is a common slot duration), ordered chronologically, i.e., if i <j and
t; +T =t;Vs;,s;e S, thenslot i is before slot j: s; <s;.

Let A represents the overall set of airlines operating in the considered airport. A set of no-cancelled
flights F, = {fla,fza, ...,fn‘i} is associated to each airline a. Let F = U4 F, be the set of arriving

flights. Assumptions are the following:
- My = YaeaNg = Mg, Where n, is the number of arriving flights operated by airline a, n, the

overall number of arriving flights and n, the number of slots at the arrival airport during a
considered time period.

- for each aircraft it is possible for the airline to compute the earliest arrival time (eat) for the
flight feF, expressed in slots. It is written as hse S.

- itis not allowed to assign a flight fto aslot s; if s; <e,;.

The set of earliest arrival times for the considered time period is given by  H= {h, feF}. A
feasible arrival schedule will be an application I7 from F to S that fulfils the following properties:

Injective: if f = f' — [Ii5) # 4 1)
Feasible: vieF, I, >h; (2)

Airlines have definite user rights over the slots even if they are not their true owners and, at least
firstly, there must be a feasible schedule that assign the flights belonging to an airline to the slots
this airline has the right to operate in. Let us define the function @ from S to A for which it exists I
that fulfils:

VfEFfEE, - o) =a (3)



A fair available slots allocation is defined by the pair (1T, @) that satisfies the conditions (1), (2) and
(3). Taking all of this in consideration, it is necessary to find a reassignment mechanism, called o,
that, given a slot pre-allocation (17, @), produces a feasible assignment H' for which the duo

(7', @") is an improved fair allocation from the points of view of the airlines and of the air traffic
manager. In the two cases, a reallocation algorithm will be started-up.

2.2 Fair slot allocations

Here it is considered the air traffic manager’s objective is be to maximize the available capacity by
distributing the available slots among the flights as soon as it is possible to do it. This leads the
initial schedule to be compressed by moving some flights forward in the schedule so they can
occupy empty slots before theirs. These flights, at the same time, will free the slots they had been
previously assigned so other flights might occupy them. A first compression algorithm has been
developed by the air traffic management authorities. This algorithm works on an initial slot
allocation and the earliest arrival time of flights. It allows not only to assign flights to slots, but also
to redefine fairly the slot user-rights of the airlines.

A schedule IT will be preferred over another I’ by airline a, if and only if the programming of its
flights is, in its opinion, at least as more favourable ( II'(f) < II(f) Yf € F, ), and the
position of at least one of its flights is judged by this company as strictly more favourable then it is
written: 1'<I1.

If a programmed flight is cancelled for any reason, a slot becomes free and the airline in possession
of it can decide by itself if any other of its flights is moved forward into this slot, on the condition
that this flight can use this slot. The airline can also decide to swap this slot with any other company
that could have another slot and may be interested in acquiring the free slot of the first airline. Of
course, the air traffic manager is informed of every modification that may occur. In this case, the
rights over the exchanged slot will remain in ownership of the first company in the subsequent days
as if no exchange had ever taken place.

The first Step towards the satisfaction of the airlines throughout the slot allocation process underlies
the so called non-minimum allocation. For such allocation, there is no other slot assignment that
would be preferred together by all the involved airlines. However there is still the possibility for
some companies to agree among themselves to exchange slots at the expense of the others given the
limited capacity on landing airport. It is then necessary to define the notion of non-dominated
allocation.

It is considered that an allocation is non-dominated when it is not possible for a subset of companies
(a coalition) to exchange slots among them so none of them loses out and at least one of them gets a
strictly better off. More formally, an initial allocation of slots (17°, ®°) is said non-dominated if
there is no other programming I7'and a subset of companies B (B A) such as:

Vi euBFa:CDO(H'(f))eB and  VaeB:IT'<II (4)

This negotiation process between airlines could be avoided if the traffic manager directly produces
a fair assignment that is non-dominated from the point of view of the airlines. An example of an
algorithm that leads to non-dominated assignment is the cyclical algorithm.

The compression algorithm as well as the cyclical algorithm make use of the earliest arrival time
information of each flight. It can be shown that airlines have no interest to lie about this data to try
to get a better slot allocation, so these algorithms can be considered as collaborative slot assignment
schemes. However, an important problem carried with these algorithms is that no consequences
regarding what happens in the whole network are taken into account.



3 MODELLING FLIGHT SCHEDULES IN AIRLINES NETWORKS

In this section we introduce a mathematical representation of the flight schedule of an airline to

be able to compute cumulative effects in network delays. Here the daily operation of an airline is
seen as a set of tasks, the flights, performed successively or in parallel using resources such as
aircraft and crews. Aircraft and crews are separately attached to flight pairings covering the whole
set of daily flights.
Then let Fa be the set of flights f € Fa offered by a given airline a, a< A, where A is the set of
considered airlines . A schedule published for customers will be such as the one in table 1 informing
about origin and destination airports, programmed departure and arrival times. Locally in each
airport additional information will be published for passengers: boarding time, boarding terminal
and door.

Table 1. Published flights schedule

Flightid | Origin | Destination | Departure | Arrival
local time local
time
AX123 AZK BYC 21:34 06:22
BY456 CVT DWS 22:15 02:17
Cz789 EQR FGY 23:08 05:09

The succession of flights is constrained in different ways:

- Flight connections will introduce sequential constraints between flights. These
constraints will be effective if there are passengers using these connections.

- Shared aircraft and crew resource will also introduce constraints between flights.
What will not be published is the information about the identity of aircraft and technical and
commercial crews which correspond to the airline mobilized resource to perform the flights. In fact
feasible pairings of aircraft and crews should be defined to give support to the realization of the
flights. Let these airline resources be such as Vais the set of operated aircraft, Cra is the set of
technical crew and Cca is the set of commercial crew.

For instance, when considering the aircraft resource, we should have for each flight f e F;:
Zveva X =1 withxz, € {0,1} (5)

where Xg is the assignment variable of aircraft v to flight f. This allows to define the set of flights
operated by aircraft v:

F, =1f eF.x, =1} (6)

av

where the Fay’s built up a partition of Fa.

This implies sequential constraints between the flights of Fay according to the order in which these
flights are planned to be operated by the airline. Let this sequence be given by (f”,-+, i, ---,flzvl)
, then between flights k and k+1 of this sequence, time constraints such as:
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should be considered, where tfi’f is the planned or published departure time for flight f, DF is the

nominal duration of flight f, GAs is the duration of arrival ground handling for flight f, GDs is the
duration of departure ground handling for flight f.

Finally , to each flight f can be attached a set of predecessor flights @ such as:
Vo € @p:th? + DF;+ GAy+ GDy < t2f ®)

The set of source flights Sa is composed of the flights for which @ = @ (no predecessor) and the
set of end flights Eais such as (no successors):

E n(Ufep @f) =0 (9)

The pair [Fa, @] builts up a directed graph Ga without circuits, then it is possible to assign a rank r;
to each flight f where:

vfeS, i =1 VfeF,-S,:r, =max{r,,pc®, [+1 (10)

4 ASSESSING AIRLINE NETWORKS TIMING

4.1 Delay propagation in airlines’ networks

For each flight f in Sy is attached an earliest starting time tﬁf which correspond to the earliest time
at which all resources for this flight can be made available at its departure airport. Then the
following condition is satisfied:

vies, it <t (12)

For each flight f in Ea is attached a latest starting time téf which correspond to the latest time at

which all resources for this flight can be made available at its departure and arrival airports Then
the following condition is satisfied:

v eE, :t <tf (12)

Beginning from the earliest starting times of flights in S, it is possible to compute by increasing
rank for each remaining flight an earliest starting time tjf given by:

v eF, =S, 1t =max,_, {+DF,+GA, +GD, | (13)

Now, beginning from the latest starting times of flights in E,, it is possible to compute through
decreasing rank for each remaining flight a latest starting time t given by:

Vf eF,—E,:t' =min__,{+ DF, +GA, +GD, } (14)

pedit



Then for each flight f eF,, it is possible to compute the feasible period for departure Af given by:
A = [t ]] (15)
and a necessary condition for a flight program to be feasible is that:

Vf EF:t € 4; (16)

4.2 Cumulative delays in airlines networks

Since no flight will depart before his published departing time, effective margins can be computed
from the pairs {tpf , tfif }, f € Fa. They will provide an indication of the robustness of the proposed
published flight program. Total margins are given by:

Vi eF, img, =t —t (17)
Free planned margins are given by

vf eF,imf, = min,., {-GD,|-GA, —t/ (18)
Let S,,(t")be the set of flights of airline a which have already departed at that time tfi’f , then the
expected departure times of flights gof F, —S_, (t”") will be t(f given through increasing rank as:

ty = max{th’, maxy o (td + DF, + GAg + GDy}) (19)
For flights of S, (t’") , t(f is equal to the effective departing time.

To know the current total effect of a delay o to departure time of flight f , the above computation
should be restarted with tg incremented by &

t5(8) = max{t}’, max, ¢, {t9(8) + DE, + GAy + GD,}} (20)

Flights of airline a which can be affected by an additional delay on flight f are those of the closure
of & applied to f in incidence graph G,, written CGfa . Then the total induced delay resulting from

an additional delay & for flight f of airline a will be given by:
T.(6)=Y,.. £ -t©) (21)

Here according to the way new expected departure times are computed, T, (J) should be an
increasing piecewise linear function of & The maximum sustainable value of &, writtens,, ., is
given by:

S =Min{G/3geCl 1 t(5) =t} (22)

Then if departure delay for flight f is greater than &,

max LNE remaining flight program is no more
feasible and must be revised.



4.3 Effective delay multiplier

In 1998 Beatty introduced the concept of delay multiplier to evaluate the delay propagation in an
airport network. Here, different delay multipliers can be defined for the delayed departure of a flight
given the current operational situation of the airline a’s network:

- asliding mean delay multiplier written DM (J) and given by:

DM (6) =T, (6)/6 (23)
- amean delay multiplier written DM{***™ and given by:
DM ar?ean (5) = Taf (5afmax) / 5afmax (24)
- amaximum delay multiplier written DM ;* and given by:
DM ™™ = max{DM; (5), 5 €10, 5" 1} (25)

It appears that the importance of an additional delay to a flight f can be assessed in different ways
using different indexes. One of them is the total induced delay T, (&) given by (21), another one is

the closeness to the maximum allowable delay & given by (22) beyond which the airline schedule
is no more feasible. Then to get a unique delay index at a given time and place for a flight f, the
effective delay multiplier (EDM) is introduced as an increasing function of the total induced delay
and a decreasing function of the current maximum allowable delay:

EDM, =T, (5)/5, feF, (26)

max

5 NETWORK CDM SLOT ALLOCATION ALGORITHM

The consideration of the effective delay multiplier as a mean of ranking concurrent arrival or
departure flights within a slot allocation algorithm allows to take into account network effects of
slot allocation either at arrival or departure. The effective delay multipliers of the flights are
computed on line by the airlines over the subnetwork of flights they operate between the considered
airports. Then arrival and departure slot allocation processes can be performed in a decentralized
way at the airport level.

5.1Processing at Airports

In this section is described the processing of the string of arriving and departing flights from an
airport imbedded in an air transportation network.

It is supposed at at initial time t,, a nominal solution TT° is available with ®°. Let the set of
airports be given by K = {1,2, ..., k, ..., m}. In each airport, departures and arrivals processes are
copnsidered (p=1 for departures and p=2 for arrivals).

The current time windows for departures and arrivals are considered, they are starting respectively
at T;p and T;, and ending respectively at Trp and Tg, .

At current time t. define two time windows (W, for departures and W, for arrivals). These time
windows start respectively at iadt and iaat.

For arrivals iadt-tc will correspond to a standard descent duration while the width of Wp will
correspond to twenty minutes of cruise flight.

For departures, iaat-tc will correspond to a ground handling and taxiing delay while the width of Wa
will be equal to the one of Wp. Let S, = {s,1, 5,2, -, S, } be a finite arrival slots set corresponding



to the schedule p at an airport k and consider the time intervals (s,; € [t;,t; + T]), where T is the
common slot duration), ordered chronologically.

To each airline a A operating at airport k is associated a set of non-cancelled departing and
arriving flights: F,, = {fpl,fpz,...,f;ma}. Let F, = UgeaF,q be the current considered set of
departing and arrivals flights.

The earliest take off time (eror) for the flight f; €F;, is written as hr,e S;. A departing flight f
cannot be assigned to a departing slots; if s; <eo,.Let H; = {hsy, f1€F; }.

The earliest arrival time (ear) for the flight f,€F,, is written as hy,e S,. An arrival flight f cannot
be assigned to an arrival slot s; if s; <e,;. Let H, = {hs, f>€F,} and define H={H,, H,}.

5.2 Network slot allocation algorithm

Here the considered slot allocation algorithm is basically a compression algorithm where the
effective delay multipliers of each arriving or departing flight allow to rank these concurrent flights
in a way to manage airport traffic at the network level. The proposed compression algorithm
develops then a greedy heuristic based on the effective delay multiplier attached to each flight. This
algorithm is described in broad terms as follows:

Step 1: Start from a nominal initial fair slot allocation: T1°, ®°.

Step 2: Update the time windows Wp and Wa

Step 3: Go to the next schedule on the list. Let L, = S,/ IT,,(F,) represent the free slots set in the

current schedule. If there are no more schedules (departing or arrival), make p=0. Go back to Step
2.

Step 4: If L, = @, end of the calculations: The slot allocation solution will be (11, ®,) and go back
to Step3. If L, # @, select the earliest free slot (s,€S,) and declare it as active: ¢ = s,,.

Step 5: Considering all the flightsf,that fulfil:
1) They occupy aslot, in 11, located after c, that is:(/T,(f,) > c)
2) They can usetheslotc (c = hgp)

Choose the flight with the higher EDM in IT,,. Let s” be its current slot, i.e. s" = IT,(f,). Go to Step
6.
If it is not the case, erase ¢ out of the free slots list (L, = L,/{c}) and go back to Step 4.

Step 6: Move the flight f,from the slot s’ to the slot ¢ (I1,(f,) = c) and transfer the use-rights over
the slot c to the airline that operates the flight f,. Assign to a the use-rights over the slot s,

®(s") = a,erase coutof L,, (L, = L,/{c}),and add s’ to L,, (L, = L, U{s'}). The slot s”is
declared as active ¢ = s” and we go back to Step 5.

End of the algorithm

6 CONCLUSIONS

In this paper a Network Collaborative Decision Making approached has been considered to cope
globally with the operation of a distributed air transportation system. Airlines network performance
measures have been developed for arrival and departure traffic management at airports. Equity
concepts, such as non-inferior solutions, between operators have been integrated in the decision



scheme when considering airport slot allocation to flights. The proposed slot allocation process
operates in a decentralized way by using effective delay multipliers computed by the airlines at the
network level to assign priority levels at arriving or departing flights. This should allow to manage
with more efficiency and equity the arrival and departure capacity at the different airports
composing the air transport network.
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